ABSTRACT This paper has designed a micro-power antenna architecture in which a component-based flexible ferromagnetic core is integrated into a coaxial diameter-distributed coil with twisted loop antenna (DDC-TLA). A stereo-crossed distributed winding method is introduced to reduce the paradise capacitance in the DDC-TLA. The magnetic-core components are made of the mixture of Fe/Citrate nanoparticle composite and polydimethylsiloxane solution, they are filled in a flexible rubber substrate to achieve adjustable permeability and wearable flexibility. Based on the above architecture, an optimized algorithm is proposed to reduce power loss while determining the preferable structure of the DDC-TLA and the suitable ingredients of the magnetic core. Finally, simulations and experiments are conducted to confirm its performance in terms of higher quality factor, lower heat loss, and better signal waveform.
I. INTRODUCTION
Micro-power (short distance) devices, such as integrated circuit cards(ICC) [1] , [2] , medical devices [3] , [4] and onboard units (OBU) [5] , [6] , are expected to have low heat loss so that they can provide long standby time [7] - [9] and low radiation [10] - [16] . A low input resistance can improve the quality factor (Q-factor) of an antenna, enhancing performances such as tag detection [13] and noise suppression [14] . However, it may result in distorted signal waveforms, such as non-monotonous signal damping oscillation [15] - [17] , large signal overshoot [18] - [20] and frequency shift [21] . Furthermore, a wearable device should be small [22] , light and flexible. However, an air-core coil usually has diffusive magnetic field line distribution, weakening signal strength. While a solid magnetic core is usually too stiff and heavy, limiting the scope of their uses.
In order to address these challenges, in this paper, a coaxial DDC-TLA is introduced to repartition magnetic field distribution, consequently improving coupling coefficient and quality factor. In addition, a new coil winding method is presented to increase turn spacing and layer spacing through crossing interlaced turns and interlaced layers, reducing distributed parasitic capacitance. Simultaneously, a component-based flexible ferromagnetic core made of hybrid nanostructured magneto-dielectric composite is added to produce beam-focusing magnetic field line distribution while maintaining flexibility and miniaturization [14] . Based on the adjustability of the antenna architecture, an optimized algorithm is proposed to minimize heat loss while determining the preferable structure of the DDC-TLA and the suitable ingredients of magnetic material.
The remainder of this paper is organized as follows. Section II briefly describes the related studies and problems. Section III presents the adjustable micro-power antenna design. Section IV provides the simulations and experiments. Section V reports the conclusion.
II. RELATED STUDIES AND PROBLEMS

A. RELATED STUDIES
The radiation pattern or coupling coefficient of a transmitting coil is exclusively determined by its shape, orientation as well as position relative to the receiving coil [23] . A diameter-distributed coil (DDC) is clearly efficient in improving the coupling coefficient compared with a single-diameter coil due to magnetic field repartition. For instance, it can increase magnetic coupling in the worst case that a receiving coil is perpendicular to the plane of a transmitting coil, or optimize magnetic field distribution in the best case that a receiving coil is parallel to the plane of a transmitting coil [14] , [21] , [25] . Furthermore, it can maximize detection volume for any tag orientation and tag position [21] , [26] , or increase magnetic field strength at a given point [26] , [27] . In addition, it can minimize magnetic link disturbance derived from lateral misalignment and relative tilt direction between a transmit-receive coil pair [21] , [25] , [28] . However, the air-core structure of a DDC-TLA has diffusive magnetic-field distribution, reducing adjustability.
The quality factor of a coil is determined by its shape and wire loss [24] . Different material and wire length produce different loss, consequently different intrinsic quality factor [14] , [23] , [29] . Since a high-frequency alternating current (AC) has obvious skin effect [23] , a silver-plated wire is usually used to reduce material loss, and a multi-core wire is usually used to increase skin surface [28] - [31] . Since the wire loss of a thin coil becomes serious due to inter-turn parasitic capacitance [24] , a cross method is used to increase turn spacing [4] . A magnetic core can be added to reduce turn number and wire length, consequently wire loss [14] .
Mechanical deformability [13] , [14] and miniaturization [14] of electronic components are essential in matching the space of a wearable or mobile electronic device.
A bendable and ultra-thin inductor or capacitor can be integrated into a polyimide printed circuit board (PCB) to provide mechanical flexibility [32] . However, the manufacturing process is complicated, expensive and time-consuming. Multiple metal layers of several microns in thickness are electroplated into an insulating substrate to realize component miniaturization of two-dimension (2-D) planar coils, such as spiral planar coils [33] and stacked planar coils [34] . A flexible PCB is rolled or bent into a three-dimension (3D) solenoid substrate with different cross-sectional shape to reduce footprint area [32] . However, their air-core structures result in relatively low inductance.
Flexible materials, such as polydimethylsiloxane (PDMS) [14] , [24] , [35] , paper [36] , rubber [13] and polypropylene (PP) composites [36] , are widely used in fabricating miniature and flexible components. For instance, conductive particles (carbon blacks [13] , ain Polymer [37] , bismuth sulfide (Bi2S3) [38] and glass microspheres [39] ) or magnetic particles (Iron/Citrate nanoparticles [14] ) are dispersed into a rubber substrate to fabricate a flexible inductor or capacitor. The permeability of an inductor or the permittivity of a capacitor can be simply influenced by adjusting filler content. As a result, the quality factor of an antenna is tailored to a desirable value without changing its dimensions at resonance frequency [13] . This feature is useful for a designer to control antenna characteristics by simple manufacturing parameters.
B. LOW RESISTANCE ANTENNA PROBLEM
The quality factor of an antenna determines bandwidth [39] and impacts on heat loss [13] . When an antenna circuit is accurately tuned, its quality factor Q = 2πfL/R a , where R a represents the equivalent resistance of an antenna circuit. R a = R driver + R m + R coil + R c + R s , where R drive , R m , R coil , R c and R s represent the equivalent resistance of the Integrated Card (IC) circuit, matching circuit (series resistors in antenna loop), coil, parasite capacitance in inter-turns of a coil and magnetic loss of magnetic core respectively. Q can be improved by simply reducing input resistance [40] , [41] . However in practice, a low resistance can cause waveform distortion, such as non-monotonous signal damping oscillation, frequency shift and large signal overshoot. Now we verify them by experiments utilizing a 13.56 MHz Radio frequency identification (RFID) device, known as C-category micro-power device.
In the case of RFID, a stereo physical link is created by magnetic coupling between a reader-tag pair, an interrogator/reader detects the envelope variation of its input waveform and interprets them into data according to the adopted load modulation principle [13] , [21] .
In our experiments, the signal waveform of return-to-zero (RZ) signals is shown in Fig.1 . Three waveform sequences of N cycles (T ) (abbrev. NT ) are used to represent the binary bit of ''0'', ''1'' and ''00'', where a ''non-pause'' sequence that signal transmission lasts for NT represents ''0'' (y sequence), a ''pause'' sequence that signal transmission pauses for T s in the first or the second half of NT represent ''1'' (x sequence) and ''00'' (z sequence) respectively. The damping oscillation of the ''pause'' sequence monotonously converges so that a receiver can discriminate it by detecting the attenuation level of signal amplitude. The signal waveform of non-return-to-zero (NRZ ) signals is shown in Fig.2 . Several binary bits are modulated into the first (D sequence) or the second half (E sequence) of a NT, where the binary bit of ''0'' and ''1'' are modulated into the square-waves of different power levels according to the adopted code rule, such as Huffman coding. A receiver can discriminate a binary bit by detecting the change of signal amplitude.
When the input resistance of an antenna is reduced to some extent, the actual waveforms of RZ signals (Fig.1) and NRZ signals (Fig.2) are shown in Fig.3 . The test results show that, in the RZ signal case, the damping oscillation of the ''pause'' sequence becomes intense, its convergence becomes slow and non-monotonous, and frequency shifts are also found ( Fig.3 (a) ). As a result, bit errors may occur. In the NRZ signal case, several large overshoots are detected at the square-waves of low-power level ( Fig.3(b) ). Since they may be regarded as the start of a binary bit, bit errors may occur.
III. ADJUSTABLE MICRO-POWER ANTENNA DESIGN
This section is organized as follow. Section III-A explains the adjustable antenna architecture. Section III-B describes the design of adjustable and flexible inductor in detail. Section III-C illustrates the reduction of parasite capacitance in DDC-TLA. Section III-D analyzes the antenna performances.
A. ADJUSTABLE ANTENNA ARCHITECTURE
An adjustable antenna architecture is proposed in Fig.4 . It contains two main units. 1) The stereo-crossed coaxial DDC-TLA. 2) The tailored flexible ferromagnetic core. The antenna inductance can be varied by fluctuating the following parameters: number and diameter of the sub-coils for the DDC-TLA, and permeability of the ferromagnetic core.
1) THE STEREO-CROSSED COAXIAL DDC-TLA
The inductance of a coil is proportional to its turn number and layer number. Compared with a single-layer coil, a multilayer coil requires a smaller thinness for a same inductance, consequently smaller size and larger flexibility. However, it has a smaller quality factor due to inter-layer parasite capacitance. In addition, in contrast to the square root frequency dependence of conduction loss for a single-layer coil, it has the square frequency dependence due to skin effect. Moreover, since a shield has to be added to reduce Electro Magnetic Interference (EMI ), prevent inter-layer interdigitating and change winding direction, the heat radiation is impeded.
In order to address these challenges on a multi-layer coil, a coaxial DDC-TLA is proposed to reduce un-uniform flux density, parasitic capacitance, conduction loss, radiating time and stiffness through distributing each layer to a slot with different diameter in an elastic base. Furthermore, a multicore enameled silver-plated wire is introduced to reduce the conduction loss of skin effect through using high conductivity material and extending current channel (skin surface), and reduce flux leakage through densifying wire gap. Moreover, a stereo-crossed winding method is proposed to reduce inter-layer and inter-turn parasite capacitance through broadening adjacent turn spacing and adjacent layer spacing.
2) THE TAILORED FLEXIBLE FERROMAGNETIC CORE
Compared with an air-core coil, a magnetic-core coil requires fewer turns for the same inductance. In addition, a thinner geometry can reduce stiffness, flux leakage and un-uniform flux density. However, traditional solid magnetic-cores are too stiff to bend, and their permeability are difficult to change.
In order to address these challenges on a magnetic-core, a Fe/Citrate polymer-hybrid nanoparticle composite is created through mixing Fe nanoparticles with Citrate polymer in a geometry-customized mold, and then Iron/Citrate nanoparticles are filled into a PDMS elastomer matrix to fabricate an elongated ferromagnetic core [13] . The fabricating process is denoted in Fig.5 . The relative permeability can be tailored to a desirable value by adjusting the weight ratio of Iron in the nanoparticle composite. The mechanical elasticity, weight VOLUME 6, 2018 and inductive property can be tailored to a desirable value by adjusting the weight ratio of the Fe/Citrate nanoparticle composite and polymer-nanoparticle concentration in the flexible material.
Components of a small cross section are used to reduce the weight, size, stiffness and magnetic loss of an magnetic core. The adjustability of inductance and magnetic-field strength can be achieved by modifying the number and distribution of magnetic-core components filled in the coil space.
B. DESIGN OF ADJUSTABLE AND FLEXIBLE INDUCTOR 1) RESISTANCE REDUCTION FROM MULTI-CORE SILVER-PLATED WIRE
It is well known that an alternating current (AC) has skin effect. Since it becomes prominent as frequency (f ) increases, the resistance can be reduced through increasing the skin surface area of a wire. Keeping the volume and length (l line ) of a wire constant, a single-core wire of d s in diameter is replaced by a multi-core wire of d m in diameter, the core number
As the current tends to the skin surface of the wire of ρ in resistivity, the reduction rate of current resistance can be deducted as
Silver has a low resistivity (ρ A g ). If the 1/w of current converges to the silver-plated layer of the wire, the reduction rate of current resistance can be deducted as
2) RESISTANCE REDUCTION FROM DDC-TLA AND MAGNETIC-CORE
Assumed that an air-core coil is wound by the wire of S wire in cross-sectional area, and has n in turn number, l in height, S in cross-sectional area and C in cross-sectional circumference, the resistance R = ρnC/S wire , the inductance L = ku 0 n 2 S/l [13] , where u 0 (=4π × 10 −7 ) is vacuum permeability, k represents the off-axis divergence rate of magnetic field lines.
For an air-core coil of a ICC antenna, the relationship between k and aspect ratio is shown in Fig.6 . Note: If the cross-sectional shape is circular or rectangular, its aspect ratio is equal to the diameter or circumference averaged by the height respectively. The results show that k decreases as the aspect ratio increases. A micro-power device usually uses a large cross-section coil to acquire higher inductance.
For our proposed antenna architecture (Fig.4) , it is assumed that the DDC-TLA has n L in layer number and n T in turn number (abbr. (n L × n T )), and the filled ferromagnetic core has u s in relative permeability and takes 1/z of the coil space. In order to maintain the same properties and features as the air-core coil, we keep the self-inductance value L and the cross-sectional area S constant, the coil thickness is reduced to l s and the off-axis diverging rate of magnetic field lines is increased to k s . When the coil is seamlessly wound,
L contains two parts: L 1 from the magnetic coil space and L 2 from the air-core space.
After calculating
The resistance can be deducted as
In contrast to the air-core coil of single diameter, the reduction rate of the coil resistance is deducted as
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When R DDC−TLA ≤ R, i.e. the resistance of the wire decreases after our proposed antenna architecture is used
It represents the lower-bound of relative permeability. The reduction of the coil resistance can be deducted as
Integrating it with the effects of the multi-core wire (1) and the silver-plated layer (2), the total reduction of the coil resistance can be deducted as
3) EQUIVALENT RESISTANCE OF MAGNETIC LOSS
The magnetic loss mainly includes hysteresis loss [13] and eddy current loss [3] .
a: HYSTERESIS LOSS
When a time-varying magnetic field (f ) exists inside magnetic material, its magnetic domain will rotate to align with the magnetic field and generate hysteresis loss P h = K h (B 2 max )f , where K h is an empirical property of magnetic material, B max is the maximum flux density, and v is an empirically determined value between 1.6 and 2.0 [13] . P h is proportional to f .
b: EDDY CURRENT LOSS
When a magnetic core of ρ s in resistivity is added to a coil, the magnetic flux density (B) increases inside the coil, whereas it is nearly zero outside the coil (except cross section) [40] , [42] . The magnetic field distribution of a magnetic core is shown in Fig.7(a) . Inside the magnetic core, a differential volume (virtual cuboid shell) is built ( Fig.7 (b) ), where the horizontal cross section is a square loop of 2r in inner side length, the height is equal to l s and the shell thickness is equals to dr. Eddy current horizontally encircles the axis (arrow direction), and passes through a channel of ds(= l s dr) in cross-sectional area (shadowed rectangle) and c(= 8r) in length, then the equivalent resistance of the differential volume dR s = ρ s c/ds = 4ρ s r/(l s dr), the induced electromotive force strength dξ = (dB/dt)s = 8πir 2 fu 0 u s (n L − x + 1)n T I /l s , the heat loss of eddy current dP e = (dξ ) 2 (4ρ s l s ) )rdr. The heat loss of 
P e is proportional to the square of the dimension (C) for the magnetic core and frequency (f ) [13] .
c: EQUIVALENT RESISTANCE OF THE MAGNETIC LOSS
A micro-power device is mostly a miniature, lightweight and flexible unit, so its antenna coil usually has small size and limited turn number [41] , [43] . For instance, for the bank card of 13.56MHz RFID, the card size is usually 85.60mm×53.98mm, so the antenna coil is usually a rectangle of (3-8cm)×(3-8cm) in cross section or a circle of 3-8cm in diameter, 3-5 in turn number. Soft magnetic materials have a narrow hysteresis loop at high operating frequency, in turn low hysteresis loss. When a antenna has a large aspect ratio, such as RFID, P e >> P h [41] , [43] .
An insulator has large resistivity (>10 7 · m), in turn small conduction loss. When it is used as a substrate and takes (z − 1)/z (z ≥ 1) of the coil space, i.e. the magnetic core takes 1/z of the coil space, total magnetic loss will reduce z times.
The equivalent resistance of the magnetic loss can be deducted through (P e /z)/I 2 .
ρ s and u s can be moderated through adjusting the weight percentage (wt%) of both the Iron/Citrate nanoparticle composite and the polymer-nanoparticle solution.
4) MAGNETIC-CORE HEAT LOSS OPTIMIZATION
When the total reduction of coil resistance (9) exceeds equivalent resistance of magnetic loss (12) , namely R > R s , the total resistance of the antenna will be reduced. The resistivity of the magnetic material should meet the following condition.
It represents the lower-bound of magnetic-core resistivity. Referring to (9) and (11), the total reduction of heat loss P = I 2 R − P e . Let ∂( P) ∂u s = 0, the optimized relative permeability of the magnetic material and the maximum reduction of heat loss is deducted as
where
VOLUME 6, 2018
C. REDUCTION OF PARASITE CAPACITANCE IN DDC-TLA
The equivalent resistance R c and heat loss of a coil can be reduced and its quality factor is improved through reducing parasite capacitance. In order to reach this target, a stereo winding method is introduced for the proposed antenna coil (Fig.4) . The winding method of (3×3) coil is shown in Fig.8 . Notes: the superscript symbols of (+, −) and subscript symbols of (l, r) of the layer identifier number represent (upper, down) and (left, right) respectively. In turn direction, the crossing operations will be conducted between interlaced turns [4] (Fig.8(a) ). In layer direction, the crossing operations will be conducted between interlaced layers (In Fig.8(b) ). For a (n L × n T ) DDC-TLA, the crossing operations in layer direction start from (1 , y − 1) to wind After the winding processes, the adjacent turn spacing and adjacent layer spacing increase two times, the distributed parasite capacitance is halved, in turn R c is cut by half.
The proposed winding method provides some benefits. 1) Both the start point (1 + l ,1) and the end point (1 − l ,2) are on the top of the coil, and at the same layer, convenient to be connected to the match circuit.
2) The grounding point of (1
is at the bottom of the coil, convenient to be connected to the ground plane.
3) Through crossing, the n L layer becomes the middle layer although its position is still at the bottom of the coil. When the coil is grounded at the midpoint of the coil wire, its filter performance of Electro Magnetic Compatibility (EMC) is improved [15] .
D. ANTENNA PERFORMANCES 1) ENHANCED AND ADJUSTABLE QUALITY-FACTOR
Referring to (9)(12)(15), the resistance reduction of the antenna is equal to about R − R s + R c /2. If it is larger than zero, the quality factor of the tuned antenna is enhanced without reducing the resistance of its match circuit. Furthermore, since R s is adjustable by referring to (12), the output resistance of the antenna can be moderated according to performance requirements.
2) CONFIGURABLE MAGNETIC-FIELD DISTRIBUTION
Referring to [14] , [21] , and [24] - [28] , for a DDC-TLA, the distribution of magnetic field can be modified through adjusting the distribution of its sub-coils [21] , [24] , [28] .
However, since the off-axis diverging rate of magnetic field line (k) of an air-core coil usually has a small value (Fig.6) , the adjustability is limited.
In our antenna architecture (Fig.4) , since the relative permeability (u s ) of a magnetic core can be modified through changing the weight ratios of the ingredients in the ferromagnetic material, the off-axis diverging rate of magnetic field line (k s ) can be changed. As a result, the magnetic field distribution is adjusted. Meanwhile, the magnetic field distribution can also be adjusted through changing the distribution of the filling magnetic-core components. In particular, when k s ≈ 1, all the magnetic field lines converge to the axis direction of the coil, the beam-focusing islands emerge on the DDC-TLA radiation map. In particular, their positions can be moderated by moving corresponding components.
IV. SIMULATIONS AND EXPERIMENTS
The heat loss and the performances of the proposed antenna are studied experimentally through utilizing 1.70MHz micro-power devices (B category). A circuit is shown in Fig.9 . MCU 89C52 is a Micro Controller Unit (MCU) [5] , and CLRC663 is a contactless reading head chip [6] . An antenna matching circuit is denoted in Fig.10 . Parallel capacitors and resistors are added to obtain the resonant frequency and adjustable quality factor. The equivalent inductance and equivalent capacitance of the proposed antenna are equal to about 124.7pF and 70.4uH respectively, the resonant frequency is equal to about1.70MHz.
An enameled copper American-Wire-Guage (AMG) wire of 1.75 × 10 −8 · m in resistivity (ρ) is seamlessly wound in the slots of a fabricated rubber base (Fig.4) . The thickness of the enamel is known to be around 5-50 um. The single-core coil uses AWG18 wire of 1.02mm (d s ) in diameter. The multi-core coil uses the silver-plated AMG32 of 0.203 mm (d m ) in diameter. The resistivity of silver (Ag) is 1.6×10 −8 · m. I 0 = 0.08A. By calculating, g = 25, m g = 5. Since the cores are numerous, the flux leakage is almost equal to zero. In addition, since the skin surface (current channel) of the wire is substantially increased at 1.70MHz frequency, almost all the current trends to the silver-plated layer, so w = 1. By calculating, m A g ≈ 1.1.
The air-core coil: n = 30, k = 0.54 (Fig.6 ), 5cm in cross-sectional diameter, R = 0.1ęÿ. The inductor is measured with GW Instek LCR-821 meter, L = 70.4uH .
The coaxial DDC-TLA contains three layers (Fig.8 ), the diameter of each slot is 1.65 cm, 3.3 cm and 5 cm respectively.
The magnetic-core inductor is designed and fabricated through winding copper wire on an aluminum-foilattached rubber-nature base. The ferromagnetic core is made of an air-stable Iron/citrate nanoparticle composite mixing with a polydimethylsiloxane (PDMS) matrix [13] , where Iron/Citrate nanoparticle composite is synthesized by 21.6 wt% of Fe 2 (SO 4 ) 3 and 78.4 wt% of Citrate using 1:10 NaBH 4 as a reducing agent at room temperature.
Twenty different types of ferromagnetic cores are fabricated by using twenty sets of the polymer-nanoparticle solutions. The ingredients and parameters are denoted in Tab.1. The results show that the curvature radius (flexibility) of the magnetic material decreases as the weight density of the polymer-nanoparticle solution increases. After the magnetic-core is added, almost all magnetic field lines converge to the coil axis direction, so k s ≈1 [13] .
A. THE THEORETICAL ANALYSIS
Since u s ∈ [2, 5.6] and z ≥ 1, u s ≥ 0.54 − 0.25z, so (7) is satisfied.
Referring to (9) and (13) Referring to (9) and (11), the total reduction of heat loss is deducted as
Referring to (14) , the optimized relative permeability of the ferromagnetic material and the maximum reduction of heat VOLUME 6, 2018 loss are deducted as
where The analysis results show that all the conditions can be easily met and all the parameters can be easily implemented.
B. SIMULATION VERIFICATION
A simulation software are designed and developed in MATLAB. All simulations are conducted as the relative permeability (u s ) increases from 2 to 5.6 and the filling ratio (z) increases from 1 to 4.
1) POWER LOSS REDUCTION
The reductions of heat loss are shown in Fig.11 . The results show that the positive reductions of heat loss have been achieved for all the filling ratios. All curves have a peak, u o s ∈ [2.5, 4.4]. The results are consistent with (16) and (17) .
2) QUALITY FACTOR
The quality factors are shown in Fig.12 . The results show that the quality factors of all the filling ratios are larger than the quality factor of an air-core1 coil (z = 0, Q = 14.95), and different nanoparticle composite (u s ) and filling content (z) produce different quality factor. They verify that our proposed method can enhance and moderate the quality factor of the antenna.
3) MAGNETIC FIELD DISTRIBUTION
The DDC-TLA can obviously change the magnetic field distribution by referring to [21] , [25] , [28] , and [29] . When the magnetic-core components are distributed into it ( k s ≈ 1), almost all magnetic field lines converge to axis. The magnetic field in projection zones will be dramatically enhanced, whereas it will be sharply weakened in fade zones. The beam-focusing islands emerge and scatter on the radiation map of the DDC-TLA.
C. PRACTICAL EXPERIMENT
Based on the simulation result in Fig.11 and Fig.12 , we designed an antenna: u s = 4.2, z = 4, and n L = 3 and n T = 3 (3×3). The fabricating process of the antenna is denoted in Fig.13 . The simulated inductance L was carried out using High Frequency Structure Simulator (HFSS) [44] . The result indicated that at resonance point, the frequency is 1.70MHz, the capacitance and inductance are conjugated to zero, so the circuit turns into a pure resistive one. In addition, the resistance is equal to 49.66 , having small deviation with the 50 output resistance of the match circuit (Fig.10) . For RZ signals, the modulation mode selects Amplitude Shift Key (ASK)100%, the 28.24us (48 cycles of full wave) is spent to send a binary bit, so the data transmission rate is 1.7MHz/48 = 35.4Kbps. The time length of ''pause'' is equal to 9 microseconds (us) that contain 15 cycles of full wave. For the NRZ signals, the signal pulse width is equal to 9.44us (16 cycles of full wave), the data transmission rate is 1.7MHz/16 = 106Kbps that is the same as the 13.56MHz ICC [13] , [21] . The waveform is measured by MDO4000C, the signal waveforms are shown in Fig.14 . The results indicate that in contrast to the results in Fig.3 , the RZ signals have the monotonous damping oscillation of ''pause'' sequence, and the NRZ signals have few overshoots in its low-power square-waves.
The measured P o = 1.3mW, Q = 15.1, whereas the calculated P o = 1.321mW (17) , Q = 15.15, they were nearly equal.
Through the same circuit and configuration, the comparisons are conducted among the designed antenna, an aircore antenna with the single-layer coil of 5cm in diameter, and an air-core antenna with the same DDC-TLA as our antenna. The results are show in Tab.2. The results show that the air-core antenna with the DDC-TLA is slightly better than the air-core antenna with the single-layer coil, whereas our designed antenna obviously outperforms the other two antennas in terms of quality factor and heat loss.
V. CONCLUSION
In this paper, we propose an antenna architecture in which a component-based magnetic core is integrated into a coaxial DDC-TLA. The magnetic-core components are made of the mixture of Fe/Citrate nanoparticle composite and polydimethylsiloxane solution and filled into a rubber-nature substrate, the inductor becomes deformable, light and miniature, while the magnetic field distribution becomes beamfocusing. In addition, we propose a stereo-cross winding method for the DDC-TLA. The crossing operations are conducted between interlaced turns and interlaced layers, the adjacent layer spacing and adjacent turn spacing are extended and thus the distributed parasitic capacitance is reduced. Based on the above architecture, we formalize an antenna design methodology. The quality factor of the antenna can be easily tailored to a desirable value through adjusting the diameter distribution of the DDC-TLA, the weight ratio of the nanostructured magneto-dielectric material, the concentration of the polymer-hybrid solution as well as the proportion of magnetic-core components in rubber substrate. In addition, the preferable structure of the DDC-TLA and the suitable ingredients of magnetic-core are determined through our proposed optimized algorithm. The simulations and experiments are done through utilizing a 1.70MHz micro-power device, the results demonstrate good promises in terms of larger quality factor, lower heat loss compared with some existing methods, while good waveforms for both RZ and NRZ signals.
